Cellular micromotors are attractive for locally delivering high concentrations of drug and targeting hard-to-reach disease sites such as cervical cancer and early ovarian cancer lesions by non-invasive means. Spermatozoa are highly efficient micromotors perfectly adapted to traveling up the female reproductive system. Indeed, bovine sperm-based micromotors have recently been reported as a potential candidate for the drug delivery toward gynecological cancers of clinical unmet need.
Introduction
Ovarian cancer ranks fifth amongst cancer deaths in women, and top amidst all gynecological cancers. Less than 30 percent of women survive the disease for more than ten years. [1] Fallopian tubes are found to be the main primary lesion of ovarian cancer, especially high-grade serous ovarian cancer (HGSOC), the most common and aggressive type of ovarian cancer. [2] However, fallopian tubes are narrow structures situated deep inside the body, and thus, notoriously difficult to access, making it challenging to examine or eliminate them in a non-invasive manner. Therefore, new technologies that can access fallopian tubes to treat such cancer precursor lesions are sorely required.
Most current anti-cancer treatments rely on generic chemotherapies and can lead to severe side effects, such as nausea, fatigue, anemia and infection. [3] Drug delivery of chemotherapeutics is usually mediated by passive carriers that rely on the body's circulatory system, and thus, pose significant challenges regarding their applicability for long-distance transport and targeting. [4] Due to the controllability of their motion and function by external or local stimuli, engineered motile eukaryotic cells and microorganisms, [5] as well as bio-hybrid micromotors combining cellular and synthetic components, [6] are excellent candidates to overcome this limitation and open up new noninvasive targeted therapies. Integrated with artificial enhancements, cell-based carriers, such as erythrocyte, [7] macrophages, [8] bacteria [9] and sperm, [10] harbor unique properties over synthetic carriers due to their high performance in terms of drug protection by intracellular encapsulation, [11] targeted transportation by specific migration (e.g. chemotaxis, aerotaxis) [12] and environmentsensitive responses that can improve their targeting abilities. [13] The synthetic components here were used to support cell motion (e.g. guidance or propulsion) by using external physical actuation (e.g. magnetic fields, [14] ultrasound [15] ). Such structures can be furthermore functionalized with 4 reporters (e.g. infrared labels, radioactive isotopes, absorber molecules) which can enhance their visualization in deep tissue. [16, 17] A recently developed example of bio-hybrid micromotors relevant for biomedical applications is based on bovine sperm. Sperm are highly specialized self-propelled cells, which are perfectly adapted to traveling up the female reproductive system including the fallopian tube. By engineering sperm to incorporate new functionalities, these micromotors are excellent candidates not only to perform their natural function of fertilization but also to target gynecological cancers, in particular early pre-invasive HGSOC lesions, also known as serous tubal intraepithelial carcinoma (STIC) lesions, as an early non-invasive treatment option. Indeed, the swimming performance of sperm-hybrid micromotors of both flagella-propelled [14, 18] and magnetically driven [19] bovine sperm, for assisted fertilization and drug delivery has recently been studied by our group. In particular, chemotherapeutic drugs were successfully loaded into bull sperm and the sperm coupled to magnetic components allowing their guidance via external magnetic fields.
Meanwhile, through a controlled mechanical release mechanism the bovine sperm were targeted towards HeLa cell spheroids in vitro where release of their cargo led to high cell-killing efficacies. [14] While these studies highlight the potential and feasibility of bovine sperm as targeted drug-delivery vehicles, they raise key questions and pressing challenges that need to be overcome to drive this technology closer to the clinic and better understand its underlying molecular mechanisms. Where exactly on or inside the sperm is the drug located after loading? How can the drug doses of spermbots be further increased and controlled? Answering those questions will lead us closer to understanding the underlying mechanisms of drug encapsulation by sperm with the potential of using different chemotherapeutic drugs for treating a variety of gynecological diseases in the future. Our current knowledge on sperm hybrid micromotors is based on discoveries 5 exclusively made with bovine sperm. Given the ultimate goal of translating sperm-based drug delivery to human patients and considering potential acceptance issues surrounding bovine sperm, success of the next steps of this technology critically depends on the transferability to human material. This challenge represents no minor obstacles given the major differences in the makeup between animal and human sperm. Thus, besides anatomical differences, sperm obtained from different species can vary in their membrane composition, which could impact on the drug translocation process. [20] Moreover, bovine sperm DNA is condensed via a single packaging protein known as protamine P1, whereas human sperm make use of two different protamines, P1
and P2, with also some residual histone packaging, leading to highly diverse chromatin structures and increased stability of chromatin in bovine over human sperm. [21] In addition, human sperm nuclei are more variable than those of many other species. [22] Thus, it is not surprising that translatability of results from bovine to human sperm is deemed challenging. Moreover, the efficacy of bovine spermbots has only been previously tested on overpassaged cervical cancer cells, in which decades of genetic and phenotypic drift have led to major differences between cell line batches as well as to the original cancer. [23] Therefore, the efficacy of engineered human sperm in more patient-representative cancer models of the reproductive tract are highly desired. As the reproductive cancer of strongest unmet need and due to its unique etiology inside the fallopian tube, ovarian cancer, particularly HGSOC, is especially attractive in this regard.
In view of the application in vivo, another technical challenge that free-swimming sperm are facing is how to efficiently reach the target and avoid the accumulation in undesired tissues, to prevent toxic effects on healthy cells. Due to the somatic-cell fusion ability previously reported for sperm, [24] drug-loaded sperm in random motion could unselectively fuse with cells encountered on 6 their path and thus, harm healthy tissues. Therefore, a precise guidance mechanism for targeting the drug-loaded human sperm will be key on the way to clinical application.
In our previous research, we developed a tetrapod-like microstructure for the transport of drugloaded bovine sperm and confirmed the cancer-killing effect of this targeting drug delivery system.
However, the drug-loading properties of human sperm and their successful implementation into a steerable micromotor remain unstudied. Here, we for the first time present a fully functional drug carrier based on human sperm. We shed light on the subcellular localization of a chemotherapeutic drug inside the sperm, investigate the interaction between the drug and human sperm and measure the anticancer efficacy of this system for the first time on 3D reproductive cancer cell cultures including early-passage ovarian cancer HGSOC patient samples (Figure 1) Using confocal laser scanning microscopy combined with an Airyscan system for high-and superresolution sperm imaging, we obtained in-depth information on the intracellular location of the 8 encapsulated drug inside human sperm. We first fixed the drug-loaded sperm with paraformaldehyde to preserve their internal structure. Outer sperm membranes were stained with Alexa Fluor 488-conjugated wheat germ agglutinin (WGA), a lectin selectively binding to Nacetylglucosamine and N-acetylneuraminic acid residues of glycoproteins present in the sperm membrane and detectable at an excitation wavelength of 514 nm. [26] Likewise, DOX-HCl was detected using an excitation wavelength of 458 nm. Acquired z-stack images, separated by 10 nm,
showed clearly the drug distribution in different planes. As shown in Figure 2a and Video S1, DOX-HCl was detectable predominantly in the sperm head. Notably, 98% of the sperm head is occupied by the nucleus after maturation. [27] Based on this fact, we conclude that DOX-HCl localizes to the sperm nucleus, in agreement with the high DNA-affinity exhibited by DOX, which might enable DOX-HCl binding to chromosomal sperm DNA. [28] We also observed structures resembling nuclear vacuoles [29] in the drug-loaded sperm ( Figure S2) , where little or no DOXHCl could be detected. The location of these structures differed between individual sperm. In addition to the advantages of DOX-HCl as a therapeutic molecule, it therefore also has potential to be used as a dye to further characterize sperm nuclei in living and motile sperm cells in the future. We further confirmed that WGA serves as an efficient membrane dye for human sperm, clearly depicting the structure of the sperm membrane around the head, midpiece and tail regions.
Particularly, there was a staining difference between the peri-acrosomal space and the postacrosomal region, which in the future could be helpful to gain insights into different subcellular compositions of sperm membranes. Based on the 3D-reconstructed image of the DOX-HCl loaded sperm in Figure 2a , the volume of the sperm was integrated to be 14.2 µm 3 . Thus, the DOX-HCl density was calculated to around 0.37 g/mL as the ratio of the above-mentioned amount of drug loaded per sperm to its volume. Since the nucleus of a single sperm contains around 3.23 × 10 10 nucleotides, [30] we deduce that around 1.64 × 10 -23 g of DOX-HCl would be available for binding per base pair, meaning that a single DOX-HCl molecule could bind to roughly every 6 th nucleotide of the DNA.
Moreover, the percentage of motile sperm was preserved after drug loading, similarly to our previous work performed on bull sperm. [14] Statistically, the average velocity of human sperm after 1 h of drug loading (18 ± 5 µm/s) showed no significant difference to unloaded sperm (21 ± 5 µm/s) according to measurements using a computer-assisted sperm analysis software package (CASA auto-tracking system). Since the properties of sperm samples from different patients and donors markedly differ, we compared the same sperm sample before and after drug loading. The above-mentioned drug loading process was performed at room temperature to optimize sperm motility and viability for extended periods of time (about 24 h). We also studied sperm motility at 37°C as the physiological temperature at which human sperm operate in vivo. In this experiment, an unloaded sperm sample served as a control, which was incubated in sperm medium (SP-TALP) under the same incubation and purification conditions as the drug-loaded sperm but in the absence of DOX-HCl. Motilities of both sperm samples decreased similarly over time: after 8 h of incubation, around 10% of sperm remained motile in both groups (Figure 2b ).
Anti-cancer effects of HeLa and patient-representative ovarian cancer samples.
We evaluated the anticancer effect of DOX-HCl-loaded human sperm by performing cytotoxicity assays of relevant cancer cell spheroids. Firstly, we tested the influence of sperm medium (SP- traveling to their secondary site(s), and reattaching there. [31, 32] To mimic aspects of this process in vitro, we briefly trypsinized the spheroids after 96 h in all groups to obtain single-cell suspensions that we re-seeded into 10-cm cell culture dishes. After 12 h of attachment inside the incubator, we estimated the cell re-attachment capability as the ratio of attached cells in the group-of-interest to 11 that of the control group. As demonstrated in Figure 3b , treatment with DOX-HCl-loaded human sperm led to drastically reduced re-attachment rates of HeLa cells, as illustrated by an elimination of 93.8% of the cells compared to the control. Unloaded human sperm also impacted on HeLa spheroids leading to a reduction in re-attachment to 58.0%. This sperm-specific effect that was independent of DOX-HCl could be due to partial spheroid disintegration and cell damage induced by the sperm's hyaluronidase reaction and tail beating, an intriguing aspect of this micromotor system that requires further investigation in the future. It was reported before that the plasma membrane and DNA of cancer cells can be damaged by external mechanical beating produced by rotating microdiscs. [33] Our findings suggest a new route for mechanically induced cancer cell death by sperm tail beating. Compared to the microdisk beating, sperm possess a more powerful motorized structure, with their tail beating capable of generating forces up to 450 pN. [34] Cell integrity can be damaged under such a hitting force. In the drug solution group, which contained the same overall DOX-HCl amount as the drug-loaded sperm, DOX-HCl was present at a final concentration of 13.25 ng/mL in the cell medium, lower than the effective dose that HeLa cells are sensitive to. [35] Consequently, no effective impact of cell re-attachment was observed in this group, in agreement with our previous results using bull sperm. [14] HeLa cells were established in the 1950s as the first in vitro cancer model system and immortalised cancer cell line. While major breakthroughs have been and are being accomplished using this cell line, the thousands of passages that HeLa cells have undergone since its establishment have led to the acquisition of many de novo characteristics that vary between different HeLa batches and their cervical cancer of origin. [36] Therefore HeLa cells and other common overpassaged cancer cell lines are limited in predicting the cellular and molecular behaviors of cancers and patient responses in vivo, such as drug resistance mechanisms. [37] To obtain a better understanding of the reaction Ovarian cancer is of particular interest to the spermbot technology presented in this work, as it represents the highest unmet need of all gynecological cancers. [1] Moreover, while it was long assumed that the majority of ovarian cancers originate from within the ovaries, it is now well established that the most aggressive and common type of ovarian cancer, HGSOC, develops as STIC lesions inside the fallopian tube, an area of the reproductive tract currently impossible to access for molecular analysis with non-invasive technologies. [38] This recent dogma change in ovarian cancer etiology makes sperm-based drug delivery to -and elimination of -pre-invasive HGSOC lesions a highly desirable and timely approach.
The spheroids that OCMI66-derived HGSOC cells formed were looser and smaller compared to HeLa spheroids, possibly because of the high migration activity we observed in these cells when grown on 2D cell culture dishes (Figure 3c) . Similarly to sperm treatment of HeLa cells, DOX- [39] and mechanical tail beating). Sperm-mediated drug delivery holds promise for drug dosing, encapsulation and transport. Specifically, membrane encapsulation can protect functional drugs (DOX-HCl) from dilution by body fluids and enzymatic degradation. Moreover, the presence of chromosomes in the sperm head has potential to provide ample opportunities for intracellular storage of DNA-binding drugs such as DOX-HCl. In addition, the ability to self-propel combined with peristalsis of female reproductive organs make sperm attractive for carrying drugs for long durations and distances inside the gynecological tract in a protected manner. Since this is the first exploration of human sperm as a therapy for gynecological cancers, the complete mechanism of drug transfer remains unclear. However, it is intriguing to speculate that the ability of sperm to fuse with somatic cells as previously reported has potential to enhance the drug uptake by cell-tocell transfer. [14, 24] In this regard, it is notable that sperm are capable to fuse with a variety of cells 14 and that the resulting chimeric cells can be stably cultured for more than 50 passages. [40] As a consequence, local transfer of entrapped drugs to targeted cancer cells via sperm-cell fusion and/or alternative mechanisms could increase the utilization ratio of the loaded drugs, which could improve drug efficacy and potentially reduce the development of drug resistance. [41] 2.3. Streamlined microcaps for external control of single and multiple human spermbots.
Although randomly propelling DOX-HCl-loaded human sperm show an encouraging therapeutic effect on the cancer cells tested in this study, being able to target the drug-loaded sperm to the cancer spheroids would facilitate more efficient dosage and reduce undesired drug accumulation.
These are two features highly desirable for future in vivo applications of the technology. Towards this aim, we establish here two new bio-hybrid micromotor designs, adapted to the unique geometry of human sperm, to transport individual or multiple human drug-loaded sperm and locally release them onto tumor cell spheroids. The first one, a streamlined cap for a single human sperm was designed as a hollow semi-ellipsoid structure. The contact surface in an ellipsoid shape can largely avoid turbulence flow, thereby decreasing the pressure drag on the structure. As illustrated in Figure 4a , the water resistance and energy loss of this streamlined cap were reduced to one third of that of a tubular cap based on the same diameter and length. With a lower flow resistance, such a sperm-hybrid micromotor saves energy and is thus expected to swim for longer time periods. These microcaps were fabricated by a 3D nanolithography method and coated with a magnetic layer (iron) so that they can be aligned by external magnetic fields (for details, see
Methods section). Owing to protective coating with titanium (Ti), the microcaps had no negative impact on cell growth compared to the blank control group (Figure S3 ), consistent with Ti being considered as a biocompatible material [42] . The sperm were mechanically coupled by co-incubating them with the caps (Figure 4b, Video S2) . The large opening at the equatorial plane of the cap 15 enabled us to couple up to 3 human sperm in a single cap at the same time (Figure 4c) , showing a new way for multiple sperm transport (Figure 4d, Video S3 ). In addition, multiple individual spermbots can be guided in a precise fashion to the target location (Video S4). Apart from the difference in shape from the previous tetrapod-motor, the new cap designs were much larger in relative size ratio. Specifically, the opening diameter was ~6 times as big as the width of human sperm heads for the new cap compared to a 4:1 ratio for the previously reported tetrapod-motor. [14] The feasibility of generating functional sperm-based micromotors in this size range represents a critical step towards future real-time in vivo imaging of spermbots inside the reproductive system in preclinical experiments. [25] As such, these hybrid micromotor designs provide an important starting point to facilitate real-time guidance of sperm to their desired destinations within the reproductive tract. Moreover, here we developed a simple sperm release mechanism by swerving the cap via rapid change of orientation of the imposed magnetic field ( Figure S4 ). This technique has been applied before to release individual cells or particles hydrodynamically from an artificial support structure. [43] Figure 4e shows the complete process to transport and release sperm onto a cancer cell spheroid (see also in Video S5). The sperm was coupled to a streamlined microcap and guided to an OCMI66-derived HGSOC cell spheroid. Then, we rotated the external magnet to turn over the microcap thereby releasing the sperm. The contact surface of the sperm and the cap are assumed to be smooth without causing friction in between the two surfaces. As a result the theoretical swerve angle for decoupling is 90°. Whereas the sperm head undergoes a wiggling angle (57°) on the short-time scale to balance the torque generated by tail beating, the resulting theoretical swerve angle was deduced to be 147° to ensure a successful release. The larger the swerve angle, the higher the swimming stability of this system but the more difficult it is to release the sperm. Hence, this approach relies on a compromise between swimming stability and release 16 reliability to ensure optimal microcap function. After the sperm escaped the cap, it swam towards the cancer cell spheroid tissue. In the future, further experiments need to be implemented to evaluate the efficiency of this release mechanism for spermbot-mediated anti-cancer effects.
Another strategy for multiple sperm transport is to use "multi-pocket spermbots". To do so, we designed large conical tubes containing nine micropockets, thereby allowing multiple mechanically coupled sperm to simultaneously propel the structure forward (Figure 4f , Video S6).
In this experiment, sperm and multi-pocket caps were co-incubated, similarly to the previous experiments using smaller microcaps. After a few seconds, multiple sperm entered the individual cavities and moved the multi-pocket structures forward. The caps were coated with iron to allow their magnetic guidance. Future experiments will focus on optimizing the design of these structures to further reduce drag forces and improve the overall motion efficiency of the spermbots. Thus, it is important to consider how the separation and lengths of the cavities might affect the tail beating of the sperm, since external confinement of the sperm can influence the resulting motion, as reported previously by our group. [10] Additionally, sperm induce traveling waves that can be summed up or cancelled out depending on the position of the different sperm within the multipocket cap. The structure itself could serve as a platform for future sperm synchronization studies as well as for investigating the influence of sperm head rotation on the overall motion performance of the bio-hybrid micromotor. Microarchitectures like this can be fabricated with elastic openings, allowing the sperm to release themselves using their own thrust when hitting resistances such as cumulus cells [14] , a discovery that might be useful also for releasing sperm into cancer cell lesions in vivo in the future. Microcaps can also be fabricated to integrate stimuli-responsive polymers that can change their conformation in response to external stimuli (near infrared light, magnetic fields, ultrasound etc.) in a way that could trigger the release of the sperm.
Conclusion
In summary, we have developed a new drug delivery system consisting of human sperm combined with DOX-HCl for potential treatment of female gynecologic diseases, in particular cervical and ovarian cancers of unmet need. Human sperm can encapsulate DOX-HCl in their crystalline nuclei, [44] where we observed its presence using high-and super-resolution laser microscopy.
Moreover, due to the compact membranes of sperm, [45] hydrophilic drugs taken up and days of treatment in both cases. In this dosage form, sperm make excellent candidates for carrying anti-cancer drugs, attributable to their compact membrane system that acts as a protective layer surrounding the drug. Dynein-assembled flagella provide powerful driving forces for sperm. [46] Due to their self-propulsion combined with peristaltic contractions inside the female reproductive tract, sperm are perfectly suited for transporting anti-cancer drugs along the gynecological tract to reach hard-to-access destinations such as early ovarian cancer lesions arising in the fallopian tube.
Moreover, sperm have potential to deliver their cargo into the cancer cell cytoplasm through membrane-fusion events, as shown in previous studies. [24, 39] It will be exciting to reveal exactly how these fusion events are triggered and brought about at a molecular level and whether they are specific to certain cancer cells.
Surprisingly, unloaded sperm also showed significant reductions in re-attachment of cancer cell spheroid cells. Whether this is specific to certain ex vivo cultured cancer cell spheroids or holds true also in vivo remains to be determined. Future experiments testing this approach in preclinical settings will shed light on the suitability of engineered sperm for treating gynecological cancers of relevance in vivo. In this regard it is noteworthy that if sperm were to exert intrinsic anti-cancer effects, one might assume that female animals or humans with regular sexual intercourse would be less likely to develop gynecological cancers than those without such activity. However, testing this hypothesis epidemiologically is difficult and the data currently available too sparse to perform these analyses in a well-controlled manner that would lead to reliable results.
Combined with the proposed streamlined microcaps for single and multiple sperm transportation, drug-loaded human sperm were precisely guided to the specific cancer target in vitro. Ultimately, in a clinical setting, the sperm can be envisioned to be loaded with the chemotherapeutic drug and coupled with the streamlined caps in vitro before inseminating them artificially through the vagina deep into the uterus at a location nearby the fallopian tube. Intrauterine insemination is a noninvasive procedure routinely performed as part of assisted reproductive technologies. Importantly, due to the magnetic nature of the spermbots, external magnetic fields could be used to guide the hybrid micromotors precisely to the targeted tumor. Additionally, sperm can be functionalized with imaging reporters such as infrared emitting molecules, radioactive isotopes or absorbing nanomaterials to improve image contrast in techniques such as optical imaging, positron emission tomography or optoacoustic tracking. [47] Such a system comprising guidable micro-enhancement and drug-loaded human sperm can be envisioned to play an important role in future targeted cancer treatments in living organisms. It will be intriguing to test how these micromotors perform in vivo in preclinical experiments, a key prerequisite for translating this technology to the clinic for future patient benefit.
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Figures S1, S2, S3 and S4 (PDF)
Video S1. 3D construction of an Alexa Fluor 488-WGA-stained DOX-HCl-loaded human sperm.
Video S2. Sperm coupling to a streamlined cap.
Video S3. Guidance of a streamlined spermbot coupled with 3 human sperm.
Video S4. Guidance of 5 spermbots.
Video S5. Coupling, transport and release of a spermbot toward a HeLa spheroid.
Video S6. Guidance of a multi-pocket spermbot. 
